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Multilayer-oxide-based bidirectional cell selector device for cross-point resistive memory applications In this study, we propose a multilayer structure as an insulating oxide/conducting oxide/insulating oxide for a high-performance cell selector device. To achieve a desirable selector device for crosspoint memory applications, the electrical characteristics of the selector device with a multilayer oxide have been systemically investigated by using various approaches such as interface engineering and by considering factors such as material dependence. Through the introduction of a multilayer oxide, a field-sensitive device structure that exhibits a highly nonlinear I-V curve is formed. Therefore, both high current density (J MAX > 10 7 A/cm 2 ) and better off-current (I OFF < 100 nA) can be achieved. Conventional FLASH memory suffers from scaling limitations when attempting to use sub-20-nm processing technologies for nodes. Therefore, alternative memory devices are now attracting increased interest. Resistive random access memory (RRAM) has emerged as a promising alternative owing to its good scalability (10 nm) and simple cell structure (metal-insulator-metal (MIM) system).
1,2 Already, a NiO x -based RRAM device with one transistor-one RRAM (1T-1R) architecture has been demonstrated to show good performance. 3 Then, 32 Gbit RRAM, which is the highest memory density achievable, has been developed by using the 3D cross-point architecture. 4 The cross-point architecture is considered a suitable approach for achieving the highest memory density with minimum feature size (F). 5 Furthermore, this architecture is stackable; accordingly, when n layers are stacked, a design rule of 4F 2 /n can be achieved. In this case, developing a two-terminal selector device (4F 2 ) instead of a conventional transistor (6F 2 ) is essential to suppress parasitic sneak-paths through the adjacent cells so as to achieve proper reading operation. 6 An oxide-based selector device based on a back-to-back Schottky diode has been reported for bipolar RRAM, and two main types of selector devices-threshold switching and exponential switching-have been proposed in literature. 7 In threshold switching devices, an abrupt current jump from an insulating state to a conducting state was observed at a certain voltage owing to a phase transition such as a metalinsulator transition (MIT) 8, 9 and ovonic threshold switching (OTS). 10 The advantage of threshold switching devices is that they can supply a higher current density to operate an RRAM device. However, they have a disadvantage in the form of a higher leakage current such as sneak-path current. The advantage of exponential switching devices is that they show exponentially increased conduction behavior when using an interfacial barrier such as mixed ionic-electronic conductors (MIEC), 11 Schottky diode (Ni/TiO 2 /Ni), 12 or tunneling diode with MIM devices (TaN/SiN/TaN). 13 These selectors show originally higher selectivity because of the electrical barrier; however, their lower current density is an inherent problem when implementing a one selector-one RRAM (1S-1R) device structure.
This study proposes a multilayer oxide stack in insulating/conducting/insulating oxide structure for realizing both lower leakage current in a low-voltage regime and sufficiently higher current density in a high-voltage regime. The purpose of the introduction of multilayer oxide was the modification of the tunneling barrier to enhance the field sensitivity. In our previous work, we reported a selector device with the high performances in TaO x /TiO 2 /TaO x stack by using the concept of crested barrier.
14 In this study, we investigated a selector device having simpler fabrication process steps in Ta 2 O 5 /TaO x /TiO 2 stack by adopting the variable oxide thickness (VARIOT) concept. 15 The device exhibits a highly nonlinear current-voltage (I-V) slope similar to our previous work even we use different stacks owing to the VARIOT concept of tunneling barrier engineering. 16 Furthermore, the I-V characteristics of the fabricated selector device are investigated in detail and compared to maximize the device performance. Our study opens the possibility of realizing high-performance selector devices through the incorporation of a multilayer oxide and its combinations.
We fabricated selector devices using a 250-nm-diameter via-hole structure. For the isolation layer, a 100-nm-thick SiO 2 layer was deposited on a Pt bottom electrode (BE) on a Ti/SiO 2 /Si substrate by plasma-enhanced chemical vapor deposition. Then, 250-nm-diameter via-holes were defined by a conventional lithographic process and subsequent reactive-ion etching. For the insulating layer, a 4-nm-thick TiO 2 film, which was the minimum thickness required for realizing insulation, was deposited by atomic layer deposition (ALD). Then, 10-nm-thick Ta was deposited by RF sputtering under Ar flow of 30 sccm, following which it was annealed at 300 C for 30 min under O 2 ambient to form Ta 2 O 5 as an insulating layer. As a multilayer oxide, we adopted an asymmetric device structure with Ta 2 O 5 /TaO x /TiO 2 for realizing a simple thermal oxidation fabrication process. Finally, a Pt top electrode (TE) was deposited using a DC sputtering system. The proposed multilayered device structure was confirmed by X-ray photoelectron spectroscopy (XPS) depth profiling, as shown in Figure 1 . We note that the two different types of insulating layers; Ta 2 O 5 layer (TE interface) and TiO 2 layer (BE interface) with highest intensity of the oxygen concentration are clearly observed in both the interfaces. Furthermore, the highest Ta content is detected in the middle of the stack, which confirms a comparatively conducting TaO x layer in between the two insulating oxides. 17 The corresponding band diagram based on the electrical properties and the XPS analysis is presented in Figure 1 . Figure 2 (a) shows the device characteristics of 15 cells as obtained through 100 I-V sweep cycles from the multilayer oxide structure. In particular, we observed sufficiently high current density exceeding 10 7 A/cm 2 at the 250-nm node and higher selectivity, which is defined as the ratio of the current at 1/2 V READ and V READ . In addition, it is noteworthy that the measured I-V curves show no hysteresis in the double sweep mode and current increases almost symmetrically at both polarities in the low bias regions (61 V). Furthermore, during voltage sweep of 62.5 V, nonlinear regions were observed at both the polarities as can be seen in the Figure 2(a) . Consequently, the highly nonlinear I-V curves without hysteresis might be related with the concept of a multilayer tunnel barrier, as shown in Figures 2(b) and  2(c) . 18 Specifically, in an off-state under low bias conditions, electron conduction is restricted by the higher total thickness. On the other hand, when the band is bended under higher bias conditions, the current is observed to increase exponentially by several orders of magnitude at both polarities via tunneling in the extremely thin oxide layer. Therefore, it is possible to achieve a highly nonlinear I-V curve having higher selectivity when the applied voltage is changed from low to high voltage. 19 In this study, we investigated the impact of process conditions on the switching parameters to understand the device characteristics. Figure 3 shows the relationship between the ON-current (I ON ) at 1.4 V and the OFF-current (I OFF ) at 0.7 V in the selector device according to the annealing time required to form an insulating Ta 2 O 5 layer at the TE interface. Inclined straight lines indicate selectivity, i.e., I ON /I OFF . Figure 3 shows that when the oxidation time is increased from 10 to 30 min, I OFF as the leakage current dramatically reduces with higher selectivity. To verify this, we analyzed and compared the XPS data of the two different regions labeled as A and B, as shown in Figure 4 . It is noteworthy that less oxidation time (<30 min) could not lead to the formation of a proper insulating oxide to act as a tunneling barrier because of the thinner oxide (4 nm). Furthermore, Ta-O x bonding as the sub-oxide phase, which indicates the binding energy of 22-24 eV, was observed in the Ta 2 O 5 layer, as shown in Figure 4(a) . 20 This means that stoichiometric Ta 2 O 5 without a sub-oxide phase and optimum thickness of Ta 2 O 5 layer are required to suppress I OFF , as shown in Figure 4 (b). To further support these results, we compared various TE materials on the Ta 2 O 5 layer for clarifying the role of the insulating oxide layer. An investigation of several TE materials showed that the selector device exhibited highly nonlinear I-V curves with higher selectivity in the case of an inert electrode, as shown in Figure 5(a) . In contrast, when a reactive electrode such as Al or Ti was deposited on the Ta 2 O 5 layer, a chemical reaction could possibly occur at the interface during sputtering and cause oxygen redistribution at the interface. Thus, the increased I OFF was attributed to the formed thinner insulating layer and poor quality of interface. These results suggest that maintaining the oxygen profile or distributions in the Ta 2 O 5 layer plays an important role in selector performance.
Furthermore, the effect of the bottom insulating oxide was investigated. The I-V curves for different types of insulating oxide materials with 4-nm thickness are shown in Figure 5(b) . When the insulating oxides were inserted at the BE interface, direct tunneling, which is the dominant conduction behavior in the low-voltage regime and is represented by I OFF , is mainly reduced without any change in the slope of the I-V curve, which is the regime for F-N tunneling current. In particular, better current level of the off-state was obtained in the case of an oxide having an initially higher resistance. Similarly, in our case, the resistance value of as-deposited oxides with same physical thickness (4 nm) from the ALD system showed a trend similar to R TiO 2 R Al 2 O 3 > R HfO 2 . Therefore, a relatively insulating layer such as TiO 2 and Al 2 O 3 can effectively suppress the leakage current in the multilayer oxide structure. The low leakage current in the low-voltage regime is beneficial for a larger array size. 21 In this study, the characteristics of a bidirectional cell selector device with highly nonlinear I-V curve have been clarified by introducing a multilayer oxide via the engineering of the tunnel barrier. To clarify the device characteristics, various factors such as the dependence of materials and process conditions were thoroughly investigated. The insulting oxide layer at both interfaces should clearly satisfy requirements such as thickness and film conditions to reduce the leakage current. These results strongly suggest that the optimum combination of several properties is necessary to maximize the selector performance for high-density cross-point RRAM applications. 
